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Abstract
We consider nonstandard interactions of neutrinos with electrons arising from a new light spin-1 particle
with mass of tens of GeV or lower and couplings to the neutrinos and electron. This boson is not
necessarily a gauge boson and is assumed to have no mixing with standard-model gauge bosons. Adopting
a model-independent approach, we study constraints on the flavor-conserving and -violating couplings of
the boson with the leptons from a number of experimental data. Specifically, we take into account the
(anti)neutrino-electron scattering and e+e− → νν¯γ measurements and keep explicitly the dependence
on the new particle mass in all calculations. We find that one of the two sets of data can provide the
stronger constraints, depending on the mass and width of the boson. Also, we evaluate complementary
constraints on its separate flavor-conserving couplings to the electron and neutrinos from other latest
experimental results.
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I. INTRODUCTION
A growing amount of experimental data has now confirmed that neutrinos possess mass and
mix among themselves [1]. The masslessness of the neutrinos in the minimal standard model (SM)
implies that extra ingredients beyond them are necessary to account for this observation. Despite
the accumulating knowledge of neutrino properties, the nature of the mechanism responsible for
generating neutrino masses and mixing is still a mystery [1]. It is generally expected, however,
that the underlying new physics would also modify the structure of the electroweak neutral and
charged currents in the SM. Such modifications in the neutrino sector give rise to the so-called
nonstandard interactions (NSI) of the neutrinos [2–4]. In most studies on such NSI, they arise from
the exchange of new particles that are usually assumed to be heavier than the electroweak scale
and, thus, lead to effective four-fermion interactions for low-energy phenomenology. Nevertheless,
it is also feasible that the exchanged new particle is not heavy, e.g., in the GeV or sub-GeV regime.
One of the simplest possibilities along this line is that the new particle is a spin-1 boson.
Scenarios beyond the SM involving new spin-1 particles with relatively low masses have been
considered to some extent in various contexts in the literature. Generally speaking, their exis-
tence is not just still compatible with current data, but also highly desirable, as they may offer
explanations for some of the recent experimental anomalies and unexpected observations. For
instance, a spin-1 boson having a mass of a few GeV and interactions with both quarks and lep-
tons has been proposed to explain the measured value of the muon g−2 and the NuTeV anomaly
simultaneously [5, 6], although the latter may now be explicable by taking into account the ap-
propriate nuclear effects [7, 8]. As another example, an O(MeV) spin-1 boson which couples to
dark matter as well as leptons may be the cause of the observed 511-keV emission from the bulge
of our galaxy [9, 10]. If its mass is at the GeV level, such a particle may be associated with
the unexpected excess of positrons seen in cosmic rays, potentially attributable to dark-matter
annihilation [11]. In the context of hyperon decays, a spin-1 boson with mass around 0.2GeV,
flavor-changing couplings to quarks, and a primary decay channel into µ+µ− can account for
the three anomalous events of Σ+ → pµ+µ− detected in the HyperCP experiment several years
ago [12]. Lastly, a spin-1 particle lighter than the b quark could be responsible [13] for the un-
expectedly sizable like-sign dimuon charge asymmetry in semileptonic b-hadron decays recently
reported by the DØ Collaboration [14]. Although in these few instances the spin-1 particles tend
to have suppressed couplings to SM particles, it is possible to test their existence or effects in
future high-precision experiments [9, 11–13, 15, 16].
In the present paper, we explore the possibility that a nonstandard spin-1 boson under 100GeV
is electrically neutral, carries no color, and has couplings to both the neutrinos and electron.
Consequently, it will affect processes that involve at least these leptons. In particular, we will
focus on such processes for which plenty of experimental data are available. In our study, the
new particle, to which we refer as the X boson, is not necessarily a gauge boson. Therefore,
its couplings to the leptons are kept sufficiently general for a model-independent analysis. The
results of our analysis can be readily applied to the specific case where X is a gauge boson or any
model with definite couplings of X . For simplicity, we also assume that the X boson does not
mix with the SM gauge bosons, i.e., Z and γ. As alluded to earlier, most previous NSI studies
concentrate on the scenario of heavy new particles. As far as we know, the low-mass effects of X
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on the determination of its couplings have not been studied in detail before. When the mass of X
is close to the momenta exchanged in a scattering process, both the exchanged momenta and the
X-boson mass (and even its total decay width) have to be kept in the calculations. This work is
complementary to analyses on neutrino NSI due to new physics above the electroweak scale (e.g.,
Refs. [2–4]).
The structure of this paper is organized as follows. In the next section, we write down an inter-
action Lagrangian for X with the leptons and subsequently describe the (anti)neutrino-electron
and e+e− → νν¯γ scattering processes that will be used to constrain possible values of the X
couplings to the leptons. From Section III to Section VII, we concentrate on the flavor-conserving
interactions. In Sections III and IV, we extract constraints on the X couplings to the electron
and to the electron neutrino and antineutrino from the low-energy νee→ νe and ν¯ee→ ν¯e data,
respectively. A combined result from the two sets of data is presented at the end of Section IV.
Section V deals with the bounds on the X couplings to the electron and to the muon neutrinos
based on the CHARM-II data. In Section VI, the data on e+e− → νν¯γ cross-section collected
by the ALEPH, DELPHI, L3, and OPAL Collaborations are employed to restrict the leptonic
couplings of X , with several illustrative choices of its mass and total decay width. We also discuss
the complementarity of the (anti)neutrino-electron and e+e− → νν¯γ measurements in probing
these couplings. Since the X contributions to these observables always involve the products of its
respective couplings to the electron and neutrinos, the resulting constraints also apply only to the
products, instead of the individual couplings. It is therefore of interest to determine constraints
on the separate couplings making use of other experimental information, which is also available.
We pursue this in Section VII for the flavor-conserving couplings employing e+e− collision data at
the Z-pole, the measured anomalous magnetic moment of the electron, and the results of searches
for a nonstandard spin-1 particle at fixed-target and beam-dump experiments. Comparing the
various results would allow us to see which observables are most sensitive to the different X cou-
plings. Finally, in Section VIII we address constraints on the couplings for the flavor-changing
X-neutrino interactions from the same sets of experimental data utilized in Sections III-VI. Our
findings are summarized in Section IX. Some longer formulas are collected in an appendix.
II. INTERACTIONS AND CROSS SECTIONS
The Lagrangian describing the effective interactions ofX with the neutrinos, νi, and electron, e,
can take the form
LX = −gνiνj ν¯iγ
βPLνj Xβ − e¯γβ
(
gLePL + gRePR
)
eXβ , (1)
where summation over i, j = e, µ, τ is implied, we have allowed for the possibility of X-induced
neutrino flavor-change, and PL,R =
1
2
(1∓γ5). Since presently there is still no compelling evidence
for the existence of predominantly right-handed neutrinos [17], we have neglected their potential
couplings to X . We also have not included terms involving the muon or tau, as the electron is
the only charged lepton taking part in the reactions we will study. The Hermiticity of LX implies
that gνiνj = g
∗
νjνi
and that gLe,Re are real. In our model-independent approach, we assume that
these parameters are free and can be family nonuniversal. We further assume that additional
coupling constants which X may have parametrizing its interactions, flavor-conserving and/or
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flavor-violating, with other fermions already satisfy the experimental constraints to which the
couplings are subject, but which we do not address in this paper.
In the SM, neutrino-electron interactions proceed from diagrams with the W and Z bosons
exchanged between the fermions. The relevant Lagrangian is given by
LSM = −
g√
2
(
ν¯eγ
βPLeW
+
β +H.c.
) − g
2cw
ν¯iγ
βPLνi Zβ −
g
cw
e¯γβ
(
g¯LPL + g¯RPR
)
e Zβ , (2)
g¯L = −12 + s2w , g¯R = s2w = sin2 θW , cw = cos θW , (3)
where as usual g is the weak coupling constant and θW the Weinberg angle.
One can place bounds on the products of X couplings to the neutrino and electron in Eq. (1)
from the cross sections of νe → νe and ν¯e → ν¯e scattering which have been determined in
a number of low-energy experiments [18–27]. The accumulated data are generally consistent with
SM expectations, but there is room left for new physics.
In the SM, the amplitude for νee
− → νee− at tree level comes from u-channel W -mediated
and t-channel Z-mediated diagrams, while for νµe
− → νµe− the W contribution is absent [28].
For these processes, the X interactions in Eq. (1) can induce t-channel diagrams. The latter type
of X-mediated diagram is the only contribution at leading order to νie
− → νje− for j 6= i
in the absence of other nonstandard mechanisms. Since the final neutrino in the νe scattering
experiments is not detected, any one of the three light-neutrino flavors can occur in the final state.
It follows that for νie
− → νe− and i = e or µ we have the differential cross-section
dσνie
dT
=
1
32πE2νme
∑
j=e,µ,τ
∣∣Mνie→νje∣∣2 , (4)
where Eν and T denote, respectively, the energy of the incident neutrino and the kinetic energy
of the recoiling electron both in the laboratory frame, me is the electron mass, and the general
expressions for the squared amplitudes can be found in Eqs. (A1)-(A5) in the Appendix.
In the case that the momentum transfers in the scattering are small compared to the W and
X masses, we can write approximately
dσνie
dT
=
dσFDνie
dT
+
dσFCνie
dT
, (5)
dσFDνie
dT
=
2G2Fme
π

(ω + g¯L + Lii
2
√
2GFm
2
X
)2
+
(
g¯R +
Rii
2
√
2GFm
2
X
)2(
1− T
Eν
)2
−
(
ω + g¯L +
Lii
2
√
2GFm
2
X
)(
g¯R +
Rii
2
√
2GFm
2
X
)
meT
E2ν
]
, (6)
dσFCν
i
e
dT
=
me
4πm4X
∑
j 6=i
[∣∣Lji∣∣2 + ∣∣Rji∣∣2
(
1− T
Eν
)2
− LijRji meT
E2ν
]
, (7)
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where the two parts in Eq. (5) arise from flavor-diagonal (FD) and flavor-changing (FC) interac-
tions, respectively, GF = g
2/
(
32m4W
)
1/2 as usual, ω = 1 (0) if i = e (µ), and Cij = gνiνjgCe for
C = L,R, implying that C∗ij = Cji and Re
(
L∗jiRji
)
= LijRji. In the Lii = Rii = 0 limit, Eq. (6)
reproduces the well-known SM contribution [28]. For i = e and Eν ≫ me, we then arrive at
σνee =
2G2FEνme
π


(
1 + g¯L +
Lee
2
√
2GFm
2
X
)2
+
1
3
(
g¯R +
Ree
2
√
2GFm
2
X
)2
+
Eνme
4πm4X
(∣∣Lµe∣∣2 +
∣∣Rµe∣∣2
3
+ (µ→ τ)
)
(8)
after integration over the T range in Eq. (A7) and keeping terms to first order in me.
If mX is not large compared to the momentum transfer, one needs to employ the general
expressions in Eqs. (A1)-(A5) to calculate the cross sections σνie, but the approximations such as
made in the previous paragraph are still applicable to the SM part for momenta much smaller
than mW . Moreover, for νee scattering with incident neutrinos having been produced in µ
+ decays
at rest and therefore not being monoenergetic, one has to integrate σνee over the appropriate νe
spectrum [29]. This results in the flux-averaged cross-section [18]
σ¯νee =
∫ Emaxν
0
dEν φνe(Eν) σνee , (9)
where the limits span the νe energy range in µ
+ decay, Emaxν =
(
m2µ−m2e
)
/(2mµ) ≃ 52.8MeV with
the ν masses neglected, and the spectrum is given by [29] φνe(Eν) = 12
(
Emaxν − Eν
)
E2ν/(E
max
ν )
4,
which is normalized to unity.
In the ν¯ee
− → ν¯e− processes of interest, the source of the incident antineutrinos is a nuclear
reactor and hence they do not share the same energy. The cross section then again needs to be
integrated over the reactor antineutrino spectrum [4, 29],
σ¯ν¯ee =
∫ Tmax
Tmin
dT
∫ Emaxν¯
Eminν¯
dEν¯ φν¯e(Eν¯)
dσν¯ee
dT
, (10)
where Tmin,max denote the experimental cuts on the kinetic energy T of the recoiling electron in
the lab frame, Eminν¯ is a function of T according to Eq. (A8), and the spectrum, which extends
essentially to Emaxν¯ ∼ 10MeV, is given by [3, 4]
φν¯e(Eν¯) =
∑
k
ak Sk(Eν¯) , (11)
the sum of the spectra Sk(Eν¯) from isotopes k with fractional contributions ak. The differential
cross-section dσν¯ee/dT for mW,X large compared to the total energy in this scattering can be
derived from Eqs. (5)-(7) by making the interchanges 1 + g¯L ↔ g¯R and Lij ↔ Rij . If mX is
not much greater than the momentum transfer in this reaction, one needs to use the ν¯ee
− → ν¯e−
counterparts of Eqs. (A1)-(A5) in evaluating the cross sections.
Additional bounds on theX couplings to the leptons are available from e+e− → νν¯γ scattering,
which has been observed at LEP [30–41]. The cross section of this process has been computed in
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the literature for the SM [42, 43] as well as its extensions containing extra charged and neutral
gauge bosons [44]. In the SM the amplitude at tree level is generated by five diagrams, three of
which are mediated by the W and two by the Z. The X contributions are similar in form to the
Z diagrams. Our calculations including the X contributions agree with the earlier results [43, 44].
The cross section can be written as
σee¯→νν¯γ =
1
2(4π)4 (pe+ + pe−)2
∫
dEγ Eγ d
(
cos θγ
)
dΩ¯ν
∑
i,j=e,µ,τ
∣∣Mee¯→νiν¯jγ∣∣2 , (12)
where Eγ and θγ are the photon energy and angle with respect to the e
+ or e− beam direction in
the e+e− center-of-mass frame, Ω¯ν denotes the solid angle of either ν or ν¯ in the νν¯ center-of-mass
frame, and the formulas for the squared amplitudes are given in Eqs. (A12)-(A14). Our numerical
analysis starts in the next section.
III. CONSTRAINTS FROM νee → νe
The latest data on the cross section of νee
− → νe− have been acquired in the E225 experiment
at LAMPF [18] and the LSND experiment [19]. They measured the flux-averaged cross-sections
σ¯expνee = (3.18±0.56)×10−43 cm2 and σ¯expνee = (3.19±0.48)×10−43 cm2, respectively, corresponding
to σexpνee = (10.0± 1.8)× 10−45 cm2E¯ν/MeV and σexpνee = (10.1± 1.5)× 10−45 cm2E¯ν/MeV [18, 19]
with flux-averaged energy E¯ν ≃ 31.7MeV, the statistical and systematic errors of each having
been combined in quadrature. The SM prediction is σSMνee = 9.3 × 10−45 cm2Eν/MeV [19], which
translates into σ¯SMνee = 2.95× 10−43 cm2. Performing unconstrained averaging of the two measure-
ments following the Particle Data Group prescription [1] yields σ¯expνee = (3.19± 0.37)× 10−43 cm2,
leading to σexpνee = (10.1± 1.2)× 10−45 cm2E¯ν/MeV.
To explore the constraints on the X couplings to the leptons from this average value of σ¯expνee , we
adopt its 1.64-sigma [90% confidence level (CL)] limits and isolate the X contribution, including
its interference with the SM amplitude, by subtracting out the SM cross-section, σ¯SMνee , quoted
above. In numerical calculations, we will take GF = 1.166 × 10−5 GeV−2 and sin2 θW = 0.23,
unless otherwise stated.
We address first the flavor-conserving couplings, turning off the flavor-changing ones in this and
the next four sections. Assuming that the coupling products Lee and Ree occur at the same time
in the X contribution to the flux-averaged cross-section in Eq. (9), with the squared amplitude
given by that in Eq. (A3), we try various values of the X mass. It turns out that the allowed
ranges of the ratios of these parameters to the squared X-mass become less and less dependent
on mX fairly quickly if it exceeds ∼ 40MeV and that below this value the effect of the low mX on
the allowed regions increasingly manifests itself as mX decreases. In particular, the restrictions on
the ratios grow weaker as the lighter masses get lower. We illustrate all this in Fig. 1 for several
examples of mX values, where ρ
L,R
ee are the ratios normalized by 2
√
2GF according to the general
definition
ρCij =
Cij
2
√
2GFm
2
X
, Cij = gνiνj gCe , C = L,R . (13)
6
-4 -2 0 2
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Ρee
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FIG. 1: Values of ρLee and ρ
R
ee subject to constraints from LAMPF and LSND data on νee→ νe scattering
for, from largest to smallest rings, mX = 1, 2, 5, 10, 50 MeV. The yellow (most lightly-shaded) ring,
for mX = 50MeV, is virtually identical to that for any other mX > 40MeV.
It is worth noting that, since in this reaction the magnitude of the momentum exchange in the
X diagram is less than |t|1/2max ≃ (2Emaxν me)1/2 ≃ 7.4MeV, the application of the approximate
formula in Eq. (8) for mX < 40MeV would entail errors of more than |t|max/m2X ∼ 3%.
IV. CONSTRAINTS FROM ν¯
e
e → ν¯e
The cross section of ν¯ee
− → ν¯e− has been evaluated in several experiments at nuclear power
plants. The data on its flux-averaged value σ¯ = σ¯expν¯ee or the corresponding event rate R, along
with their ranges of the final electron’s kinetic energy T , are listed in Table I.1 To extract the
X couplings permitted by these data, we adopt again the 90%-CL ranges of the experimental
TABLE I: Experimental results on ν¯ee
− → ν¯e− scattering cross section σ¯ or event rate R.
Experiment T (MeV) Measurement
Savannah River [20] 1.5 - 3.0 σ¯ = (0.87± 0.25)σ¯V -A
3.0 - 4.5 σ¯ = (1.70± 0.44)σ¯V -A
Krasnoyarsk [21] 3.150 - 5.175 σ¯ = (4.5± 2.4)× 10−46 cm2/fission
Rovno [22] 0.6 - 2.0 σ¯ = (1.26± 0.62)× 10−44 cm2/fission
MUNU [23] 0.7 - 2.0 R = (1.05± 0.35)RSM
Texono [24] 3.0 - 8.0 R = (1.08± 0.26)RSM
1 In the Savannah River entries, σ¯V -A is the corresponding cross section in the SM from the W -mediated diagram
alone. The MUNU number for R/RSM has been obtained from the observed R = 1.07 ± 0.34 counts/day and
expected RSM = 1.02± 0.10 counts/day [23].
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numbers and subtract out from Eq. (10) the pure SM part given by the usual approximation [28]
dσSMν¯ee
dT
=
2G2Fme
π
[(
1 + g¯L
)2(
1− T
Eν¯
)2
+ g¯2R −
(
1 + g¯L
)
g¯R
meT
E2ν¯
]
(14)
appropriate in the s≪ m2W case. For the antineutrino spectrum in Eq. (11), the relevant isotopes
are k = 235U, 238U, 239Pu, 241Pu, their relative contributions are taken to be the typical average
(over an annual reactor cycle) values ak = 0.54, 0.07, 0.33, 0.06 [23, 27], respectively, and we
employ the Sk(Eν¯) parametrization provided in Ref. [45].
With the two flavor-conserving parameters, Lee and Ree, being present simultaneously as before,
we scan the parameter space to observe that the low-mass effect of X on the allowed regions of
its (squared) coupling-to-mass ratios begins to appear strikingly as mX goes below ∼25MeV and
that the bounds tend to become weaker as the mass gets lower, similar to the νee case. This
pattern is depicted in Fig. 2(a) with some illustrative values of mX . Since in this reaction the
momentum exchange basically has a size of less than s
1/2
max =
(
2Emaxν¯ me + m
2
e
)
1/2 ≃ 3.2MeV,
the use of the approximate formula of the ν¯ee counterpart of Eq. (6) for mX < 25MeV would
expectedly generate errors of more than smax/m
2
X ∼ 2%.
We can now combine the constraints from the νee→ νe and ν¯ee→ ν¯e measurements above.
We show the overlap areas satisfying the two sets of data in Fig. 2(b). It is clear that the
joint constraints reduce the ρL,Ree ranges significantly. In this graph, their extreme values specif-
ically are
(
ρLee,min, ρ
L
ee,max
)
= (−0.62, 0.65), (−0.22, 0.39), (−0.09, 0.17), (−1.79, 0.12), (−1.57, 0.11)
and
(
ρRee,min, ρ
R
ee,max
)
= (−0.31, 0.41), (−0.81, 0.16), (−0.56, 0.09), (−0.55, 0.08), (−0.54, 0.08) for
mX = 1, 2, 5, 10, 50 MeV, respectively, corresponding to the upper limits of |Lee|1/2 and |Ree|1/2
-1.0 -0.5 0.0 0.5
-3
-2
-1
0
Ρee
R
Ρ
e
e
L
HaL
-1.0 -0.5 0.0 0.5
-3
-2
-1
0
Ρee
R
Ρ
e
e
L
HbL
FIG. 2: (a) Values of ρL,Ree subject to constraints from ν¯ee→ ν¯e data for mX = 1MeV (brown, darkest
colored), 2MeV (red), 5MeV (magenta), 10MeV (orange), 50MeV (yellow, most lightly-shaded). The
(yellow) area for mX = 50MeV is virtually identical to that for any other mX > 25MeV. (b) Overlaps
between the allowed regions in (a) and Fig. 1.
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varying roughly from 4 × 10−6 to 4 × 10−4. If instead mX = 1, 5, 100 GeV, the largest limits
would be ∼ 0.007, 0.04, 0.7, respectively, from the yellow (most lightly-shaded) areas. Thus, al-
though the low-mX effect on the allowed ρ
L,R
ee areas seen in the earlier figures more or less persists
here, the products of X couplings to the electron neutrino and electron still undergo increasing
restraints from these data as mX decreases. We should mention that the yellow (most lightly-
shaded) regions in Fig. 2(b) for mX ≥ 50MeV are comparable to their counterparts resulting
from the model-independent analyses in Refs. [3, 4] on nonstandard neutrino-electron interactions
due to new physics above the electroweak scale.
To paint a more complete picture about how the couplings are constrained by these
(anti)neutrino-electron scattering data, we present in Fig. 3(a,b) the upper limits on |Lee|1/2
and |Ree|1/2 following from the allowed extreme values of ±Lee and ±Ree, respectively, over the
mX range of interest, assuming in each case that the other coupling product is zero. It is straight-
forward to see that the solid and dashed curves encompass the |Lee|1/2 or |Ree|1/2 limits implied
by the examples in Fig. 2(b). The curves are also roughly compatible with the quoted numbers
above for these quantities. In Fig. 3(c,d), we display alternatively the bounds on the vector and
0.001 0.01 0.1 1 10 100
10-6
10-4
0.01
1
mX HGeVL
ÈL
e
e
È1
2
-Lee Lee
HaL
0.001 0.01 0.1 1 10 100
10-6
10-4
0.01
1
mX HGeVL
ÈR
e
e
È1
2
-Ree Ree
HbL
0.001 0.01 0.1 1 10 100
10-6
10-4
0.01
1
mX HGeVL
ÈV
e
e
È1
2
-VeeVee
HcL
0.001 0.01 0.1 1 10 100
10-6
10-4
0.01
1
mX HGeVL
ÈA
e
e
È1
2
-Aee Aee
HdL
FIG. 3: Upper limits on (a) |Lee|1/2 and (b) |Ree|1/2 versus X mass from the extreme values of ±Lee
and ±Ree, respectively, allowed by νee → νe and ν¯ee → ν¯e data only (solid and dashed curves) or
e+e− → ν¯νγ data only (dotted curves), under the assumption that the other coupling product is zero.
Also plotted are the corresponding limits for (c) Vee =
1
2(Lee +Ree) and (d) Aee =
1
2(Lee −Ree) if only
one of these combinations is nonvanishing.
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axial-vector combinations Vee =
1
2
(Lee + Ree) and Aee =
1
2
(Lee − Ree), respectively, extracted
under the assumption again that only one of them is nonzero. All these special cases demonstrate
that, as remarked in the last paragraph, the restrictions become weaker as mX gets larger. This
is unlike the behavior of the limits from e+e− → νν¯γ measurements, which are represented by
the dotted curves and will be discussed in SectionVI.
V. CONSTRAINTS FROM ν
µ
e → νe
The scattering of a muon (anti)neutrino off an electron can probe the X interactions with them.
The most precise experiment on νµe
− → νe− and ν¯µe− → ν¯e− was carried out by the CHARM-II
Collaboration. Their low-energy measurement [26], based on the differential cross-section
dσνµe
dy
=
G2FEνme
2π
[
(gV + gA)
2 + (gV − gA)2(1− y)2
]
, (15)
where y = T/Eν , and a similar expression for ν¯µe
− → ν¯e− with gA replaced by −gA, can be
translated into(
gexpV + g
exp
A
)2
= 0.289± 0.026 , (gexpV − gexpA )2 = 0.219± 0.023 . (16)
Comparing these cross-sections with the corresponding ones in Sec. II and assuming that gexpV,A
consist of SM and X terms, one can place bounds on (the products of) the X couplings to the
muon (anti)neutrino and electron, depending on the X mass. Adopting the 90%-CL ranges of
the numbers in Eq. (16) and setting the flavor-changing couplings to zero, we obtain the allowed
(green) regions of ρLµµ and ρ
R
µµ in Fig. 4 for transfer momenta small compared to mX . These results
are comparable to their counterparts in the model-independent study of Ref. [3] on neutrino NSI
due to new physics above the electroweak scale.
-0.4 -0.2 0
0
0.2
0.4
0.6
Ρ
ΜΜ
R
Ρ
Μ
Μ
L
FIG. 4: Values of ρL,Rµµ allowed by CHARM-II data on νµe → νe and ν¯µe → ν¯e scattering
for mX
>∼ 1GeV.
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For lower values of mX , we are unable to derive bounds on these ρ parameters due to lack
of the relevant information on the (anti)neutrino spectrum and the flux-averaged cross-sections,
unlike the νee and ν¯ee cases. Nevertheless, based on the findings of the preceding two sections, we
can still draw the following conclusion. Since in the CHARM-II experiment T = 3-24GeV [26]
leading to the momentum exchange |t|1/2 ≤ (2meTmax)1/2 ≃ 0.16GeV, the green (shaded) areas
in Fig. 4 can be expected to be valid for mX
>∼ 1GeV with errors below ∼ 2%. We can then infer
that |Lµµ|1/2max ∼ |Rµµ|1/2max >∼ 0.004 as mX goes above 1GeV.
VI. CONSTRAINTS FROM e+e− → νν¯γ
The latest measurements of the e+e− → νν¯γ cross-section were performed by the ALEPH,
DELPHI, L3, and OPAL Collaborations at LEP [30–41] for various center-of-mass energies, sˆ1/2,
from about 130 to 207 GeV. The acquired data along with the corresponding SM expectations are
listed in Table II. They allow us to impose the constraint
∣∣σˆexp−σˆSM−σXee¯→νν¯γ∣∣ ≤ (δσ2exp+δσ2SM)1/2,
where σˆexp,SM and δσexp,SM are, respectively, the central values and 90%-CL uncertainties of the
σexp,SM numbers in Table II,
2 and σXee¯→νν¯γ is the X contribution to the cross section including
X-SM interference terms.
With the much larger energies in this process than in the preceding low-energy cases, it can
offer access to the mX dependence of the constraints on the X couplings for larger values of mX
than the latter could. In addition, the (anti)neutrinos now being only in the final state implies
that all their flavors can turn up. Thus, e+e− → νν¯γ involves all the X couplings to them,
including the one to ντ , via Lττ and Rττ which do not participate in the low-energy processes.
Since we are interested in applying the LEP data for m2X < sˆ, the total-width ΓX needs to
be taken into account. However, in our model-independent analysis, its value is unknown, as we
leave the X couplings to other SM particles unspecified and also it may have a component arising
from decay channels into final states comprising other nonstandard particles. Consequently, we
will assume particular values of ΓX for illustration.
With ΓX specified, it is important to ensure that the extracted ranges of Lij and Rij satisfy
the requirement that the sum of ΓX→e+e− and the rates of all X → νiν¯j modes not exceed ΓX .
It is straightforward to realize that this amounts to demanding3
ΓX→e+e−
∑
i,j=e,µ,τ
ΓX→νiν¯j ≤
1
4
Γ2X (17)
with
ΓX→νiν¯jΓX→e+e− =
√
m2X − 4m2e
576π2mX
[(∣∣Lij∣∣2 + ∣∣Rij∣∣2)(m2X −m2e) + 6LijRjim2e] . (18)
2 The 90%-CL ranges of σexp,SM in each one of the entries in this table overlap, except for two in which the overlaps
can occur at 2σ. Assuming this to be due to statistical flukes, we use 2σ uncertainties for these two entries.
3 With ε and υ representing, respectively, the two factors on the left-hand side of Eq. (17), we can always write
4ευ ≤ (ε+ υ)2 ≤ Γ2X .
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For consistency, the value of ΓX picked in each instance needs to be sufficiently large so that the
constraints on Lij and Rij resulting from the application of this condition are never stricter than
the corresponding constraints imposed by the e+e− → νν¯γ data.
Based on our numerical exploration, we observe in general that for a fixed mX the smaller
the appropriately chosen value of ΓX is, the stronger the bounds from e
+e− → νν¯γ on the X
couplings, in accord with the expectation that the partial rates which make up ΓX rise and fall with
the couplings. This is illustrated with the blue (shaded) areas in Fig. 5 for some values of mX and
different ΓX choices under the assumption that only ρ
L,R
ee are nonzero. For these examples, from
the top (bottom) plots we extract |Lee|1/2max ≃ |Ree|1/2max ≃ 0.013, 0.013, 0.010 (0.016, 0.016, 0.012)
corresponding to mX = 0.01, 5, 100 GeV, respectively. Assuming instead that only ρ
L,R
µµ or ρ
L,R
ττ are
present, we obtain results similar to those for ρL,Ree , the difference being due to small interference
in the ee case between the X- and W -mediated contributions. These graphs also indicate that
as mX increases the constraints on ρ
L,R
ee , ρ
L,R
µµ , or ρ
L,R
ττ tend to get stronger provided that ΓX/mX
does not change appreciably.
Moreover, comparing the ρL,Ree,µµ plots with Figs. 2(b) and 4, respectively, we notice that for
mX values of a few GeV or higher the areas permitted by the (anti)neutrino-electron scattering
data can significantly shrink to those around the origin after the inclusion of the e+e− → νν¯γ
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FIG. 5: Top plots: values of ρLee and ρ
R
ee (blue areas) allowed by LEP data on e
+e− → νν¯γ and the
ΓX requirement in Eq. (17) for, from left to right, mX = 0.01, 5, 100 GeV and ΓX = 0.05, 25, 300 keV,
respectively, in the limit that all the other ρL,Rij vanish. Bottom plots: same as top ones, but for ΓX
being twice as large.
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constraints, depending on ΓX , and increasingly so as mX goes up. Thus, the two sets of data
offer complementary restrictions on these ρ parameters, with the former (latter) yielding stronger
constraints for lower (higher) masses. Such complementarity is also visible in the limits on Lee
and Ree, or their combinations, in the special cases depicted in Fig. 3, where the dotted curves
represent the limits from e+e− → νν¯γ. These dotted curves correspond to the ΓX choices, as in
the top plots of Fig. 5, which are roughly the smallest ones satisfying the consistency requirement
mentioned after Eq. (17).
Before moving on, we note that in the family-universal limit, ρCee = ρ
C
µµ = ρ
C
ττ , of the neutrino
sector, the allowed ranges of these ratios are somewhat smaller than in the family-nonuniversal
case due to the decrease in the number of free parameters. In a specific model, the reduction
of the X-coupling ranges is also generally expected to happen because the model parameters are
related to each other and subject to various data (see, e.g., Refs. [6, 10]).
Another situation in which the constraints on the X couplings can be stronger is when X mixes
with the SM gauge bosons. In such a case, the mixing usually leads to a substantial increase in
the number of experimental observables that need to be taken into account with the mixing angle
being the only additional free parameter, and as a consequence the X couplings become more
restrained.4 Thus, the numerical results of our analysis correspond to those in the limit that the
mixing is negligible.
VII. CONSTRAINTS ON SEPARATE FLAVOR-CONSERVING COUPLINGS
There are observables that can yield bounds on the X couplings to the electron, gLe,Re, and
neutrinos, gνiνi, separately. The resulting limits will then complement the limits on the products
of the couplings determined in the earlier sections. To evaluate the most important constraints,
we look at those from e+e− scattering data at the Z-pole and the measured anomalous magnetic
moment of the electron, as well as searches for a nonstandard spin-1 particle at fixed-target and
beam-dump experiments.
The Z-pole observables with sensitivity to gLe,Re are the rate ΓZ→e+e− ≃ |MZ→e¯e|2/
(
16πmZ
)
and the parameter Ae =
(|L′e|2 − |R′e|2)/(|L′e|2 + |R′e|2) associated with the forward-backward
asymmetry, which follow from the amplitude MZ→e¯e = e¯ 6εZ
(
L′ePL +R
′
ePR
)
e. The presence of X
causes modifications to the Ze+e− vertex and electron self-energy diagrams at the one-loop level.
Calculating the X contributions and combining them with the SM ones, we have
C
′
e =
g g¯
C
cw
(
1 + F(δ) g2
Ce
)
, C = L,R , δ =
m2X
m2Z
,
F(δ) = 1
16π2
{
−7
2
− 2δ − (3 + 2δ) ln δ − 2(1 + δ)2
[
ln δ ln
δ
1 + δ
+ Li2
(
−1
δ
)]
− iπ
[
3 + 2δ + 2(1 + δ)2 ln
δ
1 + δ
]}
, (19)
where g¯L,R are defined in Eq. (3) and Li2 is the dilogarithm. The expression for the real part
4 This can occur in scenarios involving an extra U(1) gauge boson, such as considered in Refs. [46, 47].
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of F has been derived previously [48]. To probe gνiνi , the relevant observable is ΓZ→νν¯, which
dominates ΓZ→invisible and comes from an amplitude analogous to that in Z → e+e−, but without
the right-handed coupling. Since the neutrinos are not observed,
ΓZ→νν¯ =
∑
i=e,µ,τ
ΓZ→νiν¯i =
g2mZ
96π c2w
∑
i=e,µ,τ
∣∣1 + F(δ) g2νiνi∣∣2 . (20)
Now, the SM predicts that [8] ΓsmZ→e+e− = 84.01 ± 0.07 MeV, Asme = 0.1475 ± 0.0010, and
ΓsmZ→invisible = 501.69 ± 0.06 MeV, whereas experiments yield [1] ΓexpZ→e+e− = 83.91 ± 0.12 MeV,
Aexpe = 0.1515 ± 0.0019, and ΓexpZ→invisible = 499.0 ± 1.5 MeV. Accordingly, to restrain the X
couplings we can require them to satisfy the 90%CL ranges5 83.71MeV ≤ ΓZ→e+e− ≤ 84.11MeV,
0.1459 ≤ Ae ≤ 0.1546, and 497MeV ≤ ΓZ→νν¯ ≤ 502MeV. In extracting the couplings from these
Z-pole measurements, for the SM parts we employ the tree-level formulas along with the effective
values geff = 0.6517 and s
2
w,eff = 0.23146 which lead to the Γ
sm
Z→e+e− and A
sm
e numbers above
within their errors and ΓsmZ→νν¯ = 501.26MeV < Γ
sm
Z→invisible in accord with expectation. We show
the results in Fig. 6 for gLe,Re, gνiνi, and the combinations gV e,Ae =
1
2
(
gLe ± gRe
)
for the special
cases in which only one of them is nonzero (the dotted curves). In Fig. 6(b) the gV e,Ae (dotted)
curves coincide, which can be understood from the form of Ce in Eq. (19).
The anomalous magnetic moment of the electron, ae = ge/2 − 1, has been measured very
precisely and therefore provides additional important constraints on gLe,Re or gV e,Ae. In terms of
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FIG. 6: The dotted curves describe the upper limits on (a) |gLe,Re,νiνi | and (b) |gV e,Ae| from Z-pole
data under the assumption that only one of the couplings is nonzero in each case, while the solid curves
describe the corresponding limits from the measured ge − 2. The light-orange and light-green regions
contain values of (a) gLe = gRe and (b) gV e disallowed by electron-nucleus fixed-target scattering (FT)
and electron beam-dump (BD) experiments under the assumption that gAe = 0 and the branching
ratio B(X → e+e−) = 1.
5 We have taken the lower (upper) bound of Ae (ΓZ→νν¯ ) to be its SM lower (upper) value because A
exp
e is above
Asme
(
ΓexpZ→invisible is below Γ
sm
Z→invisible
)
by ∼ 2 sigmas.
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the latter, the X contribution is [49]
aXe =
m2e
4π2m2X
(
g2V e fV (r) + g
2
Ae fA(r)
)
, (21)
where r = m2e/m
2
X ,
fV (r) =
∫ 1
0
dx
x2 − x3
1− x+ rx2 , fA(r) =
∫ 1
0
dx
−4x+ 5x2 − x3 − 2rx3
1− x+ rx2 . (22)
The SM prediction for ae is compatible with its latest measurement, the difference between the
two being aexpe − aSMe = (−105 ± 82)× 10−14 [50]. Consequently, for the X contribution we can
impose the 90%CL range −2.4× 10−12 ≤ aXe ≤ 0.3× 10−12. This translates into the limits (solid
curves) graphed in Fig. 6. Evidently, these results are stricter (weaker) than those in the previous
paragraph for mX below (above) ∼30GeV.
There are also restrictions on gV e from the recent electron-nucleus fixed-target scattering ex-
periments by the A1 and APEX Collaborations [51], but so far only for mX = 175-300 MeV.
However, the strictness of the constraints depends on the assumed interactions of X with other
particles. Since the A1 and APEX analyses presupposed that X coupled mainly to the electro-
magnetic current (and hence had negligible axial-vector couplings to fermions), following Ref. [52],
their limits on gV e apply most strongly to the case in which the channel X → e+e− highly
dominates the X decay. In the limiting case that the branching ratio B(X → e+e−) = 1, the
excluded zone is displayed as the light-orange patch in Fig. 6(b)6 and the corresponding one in
Fig. 6(a), where for the latter we have employed the fact that a limit on gV e in the absence of
gAe =
1
2
(
gLe−gRe
)
, as assumed by A1 and APEX in interpreting their measurements [51], implies
a limit on gLe = gRe. For X → e+e− not being the dominant decay mode, B(X → e+e−) < 1,
such as in a complete study considering the X couplings to all fermions, the restraints would be
lessened and the light-orange regions move upward by a factor of [B(X → e+e−)]−1/2.
For mX under a few hundred MeV, further constraints might be available from electron beam-
dump experiments, where X could be produced by bremsstrahlung from an electron scattering
off a nuclear target and pass through a shield before decaying into an e+e− pair in front of the
detector [52–54]. The X decay length lX would then need to be between the length of the target
plus the shield and the total distance from the target to the detector. In view of the latest
information on the relevant past experiments collected in Ref. [53], including their electron beam
energies and shield lengths, one might ask if their data could bound the X couplings. Since
lX = pX/
(
ΓXmX
)
, with pX being the laboratory momentum of X , the answer would depend on
the choice of ΓX or the assumed interactions of X , as in the last paragraph. For instance, if ΓX
has the values chosen for the dotted curves in Fig. 3, we determine that the electron beam-dump
6 Since the A1 and APEX bounds presupposed that X coupled only to the electromagnetic current [51, 52], for
the mass range 2mµ < mX ≤ 300MeV, before drawing the light-orange patch, we have lowered them by a factor
of S = [1 + ΓX→µ+µ−(1 + R(mX))/ΓX→e+e−]1/2 in order to account for the opening of the µ+µ− and pi+pi−
decay channels of X . Here R is the energy-dependent ratio σ(e+e− → hadrons)/σ(e+e− → µ+µ−) available
from Ref. [1] and the rate [53] ΓX→l+l− = g
2
VmX
(
1 + 2m2l /m
2
X
)(
1 − 4m2l /m2X
)
1/2/(12pi) for l = e, µ contains
the vector coupling bound gV supplied by A1 and APEX [51].
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experiments listed in Ref. [53] could not probe X because it would decay well inside their shields.
On the other hand, if ΓX is smaller and within the appropriate range, it would be possible for
X to decay in the detection region depending on mX . In that case, we can look at the latest
limits supplied in Ref. [53] whose authors also assumed that X effectively coupled only to the
electromagnetic current and thus had vanishing axial-vector couplings. For B(X → e+e−) = 1,
their results translate into the disfavored parameter space represented by the light-green portions
of Fig. 6,7 while for X → e+e− not being dominant the restrictions would decrease and the
light-green zones would shift upward also by a factor of [B(X → e+e−)]−1/2.
Some additional constraints may come from the measurements of e+e− → e+e−l+l− scattering
for l = e, µ, τ , but the available data, collected at energies around the Z resonance by the
ALEPH Collaboration [55], are rather limited compared to most of those discussed above. Since
the observed numbers of events for the different leptonic final-states were consistent within up
to about 40% with the SM expectations [55], to extract the constraints on the X couplings to
the electron we may require that their effects be less than 20% of the SM contributions. To
estimate the cross section including the X contribution, we employ the CalcHEP package [56].
The resulting constraints depend again on the choices of B(X → e+e−). If B(X → e+e−) = 1
and only one of the X couplings is nonzero at a time, we get |gLe,Re| below roughly 0.2, 0.08, 0.5
for mX = 0.01, 1, 100 GeV, respectively. The bounds would be weaker if B(X → e+e−) < 1.
Hence they generally are not more stringent than the strictest bounds exhibited in Fig. 6.
The results presented in Figs. 3 and 6 illustrate how the various measurements complement
each other in probing the X couplings. If the electron and neutrino couplings of X are not very
dissimilar in size, the (anti)neutrino-electron scattering and e+e− → νν¯γ data can be expected
to offer the strictest constraints. If instead one of the electron and neutrino couplings is much
larger than the other, then the Z-pole data and measured ae may provide the best constraints,
depending on mX . For a sub-GeV mass, electron fixed-target and beam-dump experiments can
yield the most stringent test in the case of X dominantly coupling to the electron. Furthermore, if
mX is a few GeV or lower, future searches of e
+e− → γX , X → e+e− at high-luminosity colliders
may offer competitive probes [16]. We note that the case of the electron couplings being much
larger than the neutrino couplings could occur even if X hails from an extra gauge sector, one
example being the dark/hidden photon, which is a spin-1 mass-eigenstate associated with a new
U(1) symmetry and coupling predominantly to SM charged fermions through the electromagnetic
current [52, 53].
Also, our results are applicable to some of the scenarios mentioned in Section I which may
explain certain experimental anomalies. In particular, our bounds on the X couplings already
probe parts of the parameter space of the spin-1 particles that may have been the factors behind
the unexpected observations of the 511-keV emission from our galactic bulge and of the positron
excess in cosmic rays, but the bounds do not yet test the validity of these scenarios. In the
former case, X has mass of O(1MeV) and may be detectable with future neutrino telescopes if
gνiνi
>∼10−5 [9], which easily satisfies the gνiνi limit in Fig. 6(a) and implies that gLe,Re need to
be sufficiently small to evade the restrictions depicted in Fig. 3(a). In the latter scenario, mX
is of order a few GeV and the corresponding limits given in Figs. 3 and 6 indicate the level of
7 For mX > 2mµ, we have again reduced the bounds from Ref. [53] by the corresponding factor S.
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constraints on gLe,Re,νiνi from current data, but future searches in the BESIII experiment could
be sensitive to gLe,Re and gνiνi as small as 10
−4 and 10−5, respectively [11].
VIII. FLAVOR-CHANGING COUPLINGS
Finally, we explore the bounds on the flavor-changing parameters, Lij and Rij for i 6= j,
as well as the corresponding ρ parameters, from the same experimental inputs as considered
in Sections III-VI. To do so, we assume that only one of these (L,R) pairs is nonzero at a time
and turn off all the flavor-conserving ones, Lii = Rii = 0. Furthermore, here we slightly modify
the definition of Lij to Lij = |gνiνj | gLe = Lji to make it real, and similarly with Rij .
We display in Fig. 7 the values of ρL,Rµe = ρ
L,R
eµ permitted by the νee and ν¯ee scattering data
and, if mX
>∼ 1GeV, by the νµe and ν¯µe scattering data. As Fig. 7(c) indicates, we find that the
maximal values
∣∣ρL(R)eµ ∣∣max vary from 1.3 to 0.10 (0.70 to 0.11) as mX rises from 1MeV to 1GeV,
and accordingly |Leµ|1/2max
(|Reµ|1/2max) varies from 7 (5)×10−6 to 0.002 (0.002) in this mass range. If
mX = 5 (100) GeV instead, one would find |Leµ|1/2max ≃ |Reµ|1/2max∼0.004 (0.02) from the smallest
(green) area. For the eτ parameters, the allowed regions are the same as those for eµ subject
to the νee and ν¯ee data. Thus,
∣∣ρL(R)eτ ∣∣max changes from 1.3 to 0.40 (0.70 to 0.19) for mX = 1-
50 MeV, as Fig. 7(c) shows, and the corresponding numbers for mX
>∼ 40MeV are practically the
same as those for mX = 50MeV. The limits on ρ
L,R
τµ,µτ come from νµe and ν¯µe scattering, and so∣∣ρL,Rµτ ∣∣max ≃ 0.1 for mX >∼ 1GeV. It is evident from these examples that the patterns of low-mX
dependence seen in the flavor-conserving cases roughly turn up again here.
In Fig. 8 we present the ranges of ρL,Rµe = ρ
L,R
eµ satisfying the e
+e− → νν¯γ restrictions (blue
shaded areas) for the same mX and ΓX choices as in the top plots in Fig. 5. In drawing Fig. 8,
we have taken into account the fact that ρL,Rµe and ρ
L,R
eµ contribute to the cross section via a pair
of charge-conjugate final states. For these instances, the boundaries of the blue regions imply
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FIG. 7: Values of ρLµe and ρ
R
µe allowed by (a) νe,µe→ νe data, (b) ν¯e,µe→ ν¯e data, and (c) all of them for
mX = 1MeV (brown, darkest colored), 2MeV (red), 5MeV (magenta), 10MeV (orange), 50MeV (yellow,
most lightly-shaded), and mX
>∼ 1GeV (smallest green areas) in the limit that all the other ρL,Rij vanish.
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to right, mX = 0.01, 5, 100 GeV and ΓX = 0.05, 25, 300 keV, respectively, if all the other ρ
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ij vanish.
|Lµe|1/2max = |Rµe|1/2max ≃ 0.011, 0.011, 0.008 for mX = 0.01, 5, 100 GeV, respectively. These results
are the same as those for the corresponding eτ and µτ parameters.
The examples in the last two paragraphs demonstrate as in Section VI that the e+e− → νν¯γ
constraints can be stronger than those from νe and ν¯e scattering data, depending on mX and ΓX ,
especially for mX above 1GeV. Hence again the two sets of measurements are complementary to
each other in bounding the X leptonic couplings.
Lastly, we note that these flavor-changing parameters can induce at the one-loop level flavor-
violating X-mediated transitions involving charged leptons, such as µ → 3e and τ → 3e. The
loop consists of internal W and flavor-changing neutrino lines, and X is attached to the neutrino
line. Although the experimental upper limits of their branching ratios are very stringent, whether
or not they could yield strict bounds on the flavor-changing X couplings depends on whether
the complete model possesses a Glashow-Iliopoulos-Maiani-like mechanism in the lepton sector.
If it does, the branching ratios will be very suppressed by the neutrino masses, as in Eq. (A18),
allowing the couplings to evade the experimental limits. However, if such a mechanism is absent,
the couplings will be highly suppressed compared to the results found above.
IX. CONCLUSIONS
There has been some regained interest in new light spin-1 particles, with mass in the regime
of several GeV to sub-GeV, in the hope of explaining a number of experimental anomalies and
unexpected astronomical observations. We have explored in this work the constraints on the
neutrino and electron interactions of such a particle from several sets of lepton scattering data.
The new boson, X , is assumed to be electrically and color neutral, without mixing with the
standard-model gauge bosons, and its couplings with the leptons are taken to be sufficiently
general for a model-independent approach. Our analysis starts with the case of only flavor-
conserving couplings. We utilize the νee
− → νe− scattering data acquired in the E225 experiment
at LAMPF and the LSND experiment, in tandem with the ν¯ee
− → ν¯e− data obtained from several
experiments at nuclear power plants, to place bounds on the chiral couplings of X to the electron
neutrino and electron, via the ρL,Ree parameters defined in the main text. We illustrate how, for
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a relatively light X , its mass may substantially affect the determination of its couplings to these
leptons. Subsequently, constraints on their muon-neutrino counterparts are imposed by means of
the CHARM-II data on νµe
− → νe− and ν¯µe− → ν¯e− scattering. The LEP measurements of
e+e− → νν¯γ are then employed to derive a complementary set of experimental bounds on ρL,Ree,µµ,
plus the only restraints on ρL,Rττ , the result of which shows significant dependence on the mass
and decay width of the X boson. As an important supplement, we also evaluate constraints on
the respective flavor-conserving X couplings to the electron and neutrinos from Z-pole data, the
measured ge − 2, and searches at fixed-target and beam-dump experiments. Finally, we apply
the same inputs from the (anti)neutrino-electron and e+e− → νν¯γ scattering experiments to the
case where only one pair of flavor-violating chiral couplings of X is dominant to find their allowed
ranges. In summary, under our assumptions, the current experimental data restrict the couplings
within narrow regions consistent with zero over a wide range of the new boson mass.
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Appendix A: Squared amplitudes and e+e− → νν¯γ data
The tree-level contribution of the SM to the amplitude for νie
− → νje− with i = j = e
arises from u-channelW -mediated and t-channel Z-mediated diagrams. The X-mediated diagram
contributes in the t-channel. For i = j = µ the W -mediated contribution is absent, while for
i 6= j only the X contribution is present. Neglecting the neutrino mass, averaging the absolute
square of the amplitude over the initial electron spins, the incident neutrino being left-handed,
and summing the amplitude over the final spins, we then arrive at for i = e or µ
∣∣Mνie→νie∣∣2 = ∣∣MSMνie→νie∣∣2 + ∣∣Mνie→νie∣∣2X , (A1)
∣∣MSMνie→νie∣∣2 = ω g
4
2U2W
[(
s−m2e
)2
+
m4e t
m2W
+
m4e
(
u−m2e
)
2
4m4W
]
+
ω g4
c2w UWTZ
{
g¯L
[(
s−m2e
)2
+
m4e t
2m2W
]
+ g¯Rm
2
e
[
t +
(
u−m2e
)
2
2m2W
]}
+
g4
2c4w T 2Z
[
g¯2L
(
s−m2e
)
2 + g¯2R
(
u−m2e
)
2 + 2 g¯L g¯Rm
2
e t
]
, (A2)
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∣∣Mνie→νie∣∣2X = 2ω g2UWTX
{
Lee
[(
s−m2e
)2
+
m4e t
2m2W
]
+Reem
2
e
[
t +
(
u−m2e
)
2
2m2W
]}
+
2 g2
c2w TZTX
{
g¯L
[
Lii
(
s−m2e
)
2 +Riim
2
e t
]
+ g¯R
[
Rii
(
u−m2e
)
2 + Liim
2
e t
]}
+
2
T 2X
[
L2ii
(
s−m2e
)
2 +R2ii
(
u−m2e
)
2 + 2LiiRiim
2
e t
]
, (A3)
s = (pν + pe)
2 , t = (p′e − pe)2 , u = 2m2e − s− t ,
TP = t−m2P , UP = u−m2P , Cii = gνiνi gCe , C = L,R , (A4)
where ω = 1 (0) if i = e (µ), the expression in Eq. (A3) contains X-SM interference terms plus
a purely X-induced part, and pν and pe
(
p′ν and p
′
e
)
are the four-momenta of the initial (final)
neutrino and electron, respectively. For j 6= i∣∣Mνie→νje∣∣2 = 2T 2X
[
|Lji|2
(
s−m2e
)
2 + |Rji|2
(
u−m2e
)
2 + 2LijRjim
2
e t
]
, Cij = gνiνj gCe , (A5)
where we have used Re
(
L∗jiRji
)
= LijRji following from g
∗
νjνi
= gνiνj . In the laboratory frame
where the initial electron is at rest,
s = 2Eνme +m
2
e , t = −2meT , (A6)
where Eν is the energy of the incident neutrino and T the kinetic energy of the recoiling electron.
From the scattering kinematics, it is simple to show [57]
0 ≤ T ≤ 2E
2
ν
2Eν +me
. (A7)
For the ν¯ie
− → ν¯je− scattering with i = j = e, the amplitude receives contributions from SM
s-channel W -mediated and t-channel Z-mediated diagrams and a t-channel X-mediated diagram.
As in the preceding paragraph, for i = j = µ the W -mediated diagram is absent, whereas for
j 6= i only the X contribution is present. It follows that from Eqs. (A1)-(A3) and (A5) we can
derive the corresponding formulas for ν¯ie
− → ν¯ie− and ν¯ie → ν¯je with i 6= j, respectively, by
simply interchanging s and u, assuming s < m2W . From the ν¯e counterpart of Eq. (A7), it is
straightforward to obtain the minimum energy of the incident antineutrino [57]
2Eminν¯ = T +
√
2meT + T
2 (A8)
for a given T .
For the e+e− → ν¯νγ scattering, the amplitude receives contributions from five tree-level
diagrams in the SM, three of which are mediated by the W and two by the Z, and from two
X-mediated diagrams similar to the Z diagrams, with the final-state photon being attached to
the e± and W lines. The invariant kinematical variables can be chosen to be [43]
sˆ =
(
pe+ + pe−
)2
, tˆ =
(
pe+ − pν¯
)2
, uˆ =
(
pe+ − pν
)2
, (A9)
sˆ′ =
(
pν¯ + pν
)2
, tˆ′ =
(
pe− − pν
)2
, uˆ′ =
(
pe− − pν¯
)2
, (A10)
κ+ = 2pe+ · pγ , κ− = 2pe− · pγ , κ′+ = 2pν¯ · pγ , κ′− = 2pν · pγ , (A11)
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where pe± are the four-momenta of e
±, etc. Averaging (summing) the absolute square of the am-
plitude over initial (final) spins and including all neutrino flavors, one then finds the contributions
to the cross section in Eq. (12)
∣∣Mee¯→νeν¯eγ∣∣2 = e2g42κ−κ+
{[∣∣∣∣2GeeL + 1W
∣∣∣∣
2
uˆ2 +
∣∣∣∣2GeeL + 1W ′
∣∣∣∣
2
uˆ′2 +
∣∣2GeeR ∣∣2(tˆ2 + tˆ′2)
]
sˆ′
− Re
[(
2GeeL +
1
W
)∗ κ−sˆ′ − κ′+tˆ′ + κ′−uˆ′ + 4i ǫηρτω pηe−pρν pτν¯ pωγ
WW ′
]
u2
− Re
[(
2GeeL +
1
W ′
)∗ κ+sˆ′ − κ′−tˆ+ κ′+uˆ+ 4i ǫηρτω pηe+pρν pτν¯ pωγ
WW ′
]
u′2
− κ− κ
′
+ tˆ
′uˆ2 + κ+ κ
′
− tˆ uˆ
′2
|WW ′|2
}
, (A12)
∣∣Mee¯→νj ν¯jγ∣∣2 = 2e2g4κ−κ+
[∣∣GjjL ∣∣2(uˆ2 + uˆ′2)+ ∣∣GjjR ∣∣2(tˆ2 + tˆ′2)]sˆ′ , j = µ, τ , (A13)
∣∣Mee¯→νj ν¯lγ∣∣2 = 2e2g4κ−κ+
[∣∣GjlL ∣∣2(uˆ2 + uˆ′2)+ ∣∣GjlR ∣∣(tˆ2 + tˆ′2)]sˆ′ , j, l = e, µ, τ , j 6= l , (A14)
where
W(′) = tˆ(′) −m2W + iΓWmW , (A15)
Gll′
C
=
δll′ g¯C
2c2w
(
sˆ′ −m2Z + iΓZmZ
) + Cll′
g2
(
sˆ′ −m2X + iΓXmX
) , C = L,R , (A16)
with ΓW being the total width of W , etc. In the numerical analysis, we use α = e
2/(4π) = 1/128,
GF = g
2/
(
32m4W
)
1/2 = 1.166× 10−5GeV−2, and sin2 θW = 0.23. With these parameters, we can
reach most of the SM ranges listed in Table II to within 10%.
In our framework, the X-mediated amplitude for the flavor-changing decay ℓi → ℓje+e− pro-
ceeds from a one-loop diagram for ℓi → ℓjX∗ involving internal W , νi, and νj lines with X
attached to the neutrino lines and eventually transforming into e+e−. Since the masses of the
external and internal leptons are small relative to mW , it is a good approximation to retain only
the lowest order terms in the small-mass expansion. In that limit, we can employ the results of
Ref. [58] to derive
Mℓi→ℓje+e− ∼
GFm
2
ν ln
(
m2ν/m
2
W
)
2
√
2 π2
ℓ¯jγ
λPLℓi e¯γλ(LjiPL +RjiPR)e
sˆ−m2X + iΓXmX
, (A17)
after dropping a divergent term depending on the internal neutrino mass which in the complete
model would be canceled by other contributions, assuming the presence of a GIM-like mechanism
in the lepton sector of the model, and neglecting the final lepton masses. This implies that we
only have an order-of-magnitude estimate of the decay branching ratio, given by
B(ℓi → ℓje+e−) ∼ 8G2Fm4ν ln2
(
m2ν/m
2
W
) (|Lji|2 + |Rji|2)
3(4π)7 Γℓi m
3
ℓi
∫ m2
ℓi
0
dsˆ
(
m2ℓi − sˆ
)2(
m2ℓi + 2sˆ
)
(
sˆ−m2X
)2
+ Γ2Xm
2
X
. (A18)
This is very suppressed for mν < 1 eV.
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TABLE II: Measured and SM values of e+e− → νν¯γ cross section for various e+e− center-of-mass
energies and cuts on Eγ , x = 2Eγ/
√
s, xT = x sin θγ , or EγT =
√
s xT /2 and yˆ = cos θγ . The second
(third) number in each σexp entry is the statistical (systematic) error. The σSM entries are available from
the experimental papers. Most of these numbers were previously quoted in Refs. [3, 4, 59].
√
s (GeV) σexp (pb) σSM (pb) Eγ , x, xT , yˆ cuts
ALEPH [30] 130.0 9.6± 2.0± 0.3 10.7± 0.2 }
Eγ ≥ 10GeV, |yˆ| ≤ 0.95
136.0 7.2± 1.7± 0.2 9.1± 0.2
[31] 161.0 5.3± 0.8± 0.2 5.81± 0.03 

xT ≥ 0.075, |yˆ| ≤ 0.95
172.0 4.7± 0.8± 0.2 4.85± 0.04
[32] 182.7 4.32± 0.31± 0.13 4.15± 0.03
[33] 188.6 3.43± 0.16± 0.06 3.48± 0.05
191.6 3.47± 0.39± 0.06 3.23± 0.05
195.5 3.03± 0.22± 0.06 3.26± 0.05
199.5 3.23± 0.21± 0.06 3.12± 0.05
201.6 2.99± 0.29± 0.05 3.07± 0.05
205.0 2.84± 0.21± 0.05 2.93± 0.05
206.7 2.67± 0.16± 0.05 2.80± 0.05
DELPHI [34] 182.7 1.85± 0.25± 0.15 2.04± 0.02 }
x ≥ 0.06, |yˆ| ≤ 0.707
188.7 1.80± 0.15± 0.14 1.97± 0.02
182.7 2.33± 0.31± 0.19 2.08± 0.02 }
0.2 ≤ x ≤ 0.9, 0.848 ≤ |yˆ| ≤ 0.978
188.7 1.89± 0.16± 0.15 1.94± 0.02
182.7 1.27± 0.25± 0.11 1.50± 0.02 

0.3 ≤ x ≤ 0.9, 0.990 ≤ |yˆ| ≤ 0.998
188.7 1.41± 0.15± 0.13 1.42± 0.01
[35] 187.1 1.37± 0.14± 0.11 1.44± 0.01
196.8 1.22± 0.14± 0.10 1.29± 0.01
205.4 1.12± 0.11± 0.09 1.18± 0.01
187.1 1.98± 0.14± 0.16 1.97± 0.02 
 0.2 ≤ x ≤ 0.9, 0.848 ≤ |yˆ| ≤ 0.978196.8 1.71± 0.14± 0.14 1.76± 0.02
205.4 1.71± 0.12± 0.14 1.57± 0.02
187.1 1.78± 0.13± 0.16 1.89± 0.02 
 x ≥ 0.06, |yˆ| ≤ 0.707196.8 1.41± 0.13± 0.13 1.75± 0.02
205.4 1.50± 0.11± 0.14 1.61± 0.02
L3 [36] 161.3 6.75± 0.91± 0.18 6.26± 0.12 }
EγT ≥ 6GeV, |yˆ| ≤ 0.97
172.3 6.12± 0.89± 0.14 5.61± 0.10
[37] 182.7 5.36± 0.39± 0.10 5.62± 0.10 }
Eγ ≥ 5GeV, |yˆ| ≤ 0.97
[38] 188.6 5.25± 0.22± 0.07 5.28± 0.05
OPAL [39] 130.3 10.0± 2.3± 0.4 13.48± 0.22 

xT ≥ 0.05, |yˆ| ≤ 0.82
or
xT ≥ 0.1, 0.82 ≤ |yˆ| ≤ 0.966
136.2 16.3± 2.8± 0.7 11.30± 0.20
161.3 5.3± 0.8± 0.2 6.49± 0.08
172.1 5.5± 0.8± 0.2 5.53± 0.08
[40] 130.0 11.6± 2.5± 0.4 14.26± 0.06 
 xT ≥ 0.05, |cos θγ | ≤ 0.966
136.0 14.9± 2.4± 0.5 11.95± 0.07
182.7 4.71± 0.34± 0.16 4.98± 0.02
[41] 188.6 4.35± 0.17± 0.09 4.66± 0.03
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